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Background: Dendritic cell (DC) tiierapy is a promising therapy for cancer-targeting treatments. 
Recently, DCs have been used for treatment of some cancers. We aimed to develop an in vitro 
assay to evaluate DC therapy in cancer treatment using a breast cancer model. 
Methods: DCs were induced from murine bone marrow mononuclear cells in Roswell Park 
Memorial Institute (RPMI) 1640 medium supplemented with GM-CSF (20 ng/mL) and IL-4 
(20 ng/mL). Immature DCs were primed with breast cancer stem cell (BCSC)-derived antigens. 
BCSCs were sorted from 4T1 cell lines based on aldehyde dehydrogenase expression. A mixture 
of DCs and cytotoxic T lymphocytes (CTLs) were used to evaluate the inhibitory effect of 
antigen-primed DCs on BCSCs. BCSC proliferation and doubling time were recorded based on 
impedance-based cell analysis using the xCELLigence system. The specification of inhibitory 
effects of DCs and CTLs was also evaluated using the same system. 

Results: The results showed that impedance-based analysis of BCSCs reflected cytotoxicity 
and inhibitory effects of DCs and CTLs at 72 hours. Differences in ratios of DCiCTL changed 
the cytotoxicity of DCs and CTLs. 

Conclusion: This study successfully used impedance-based cell analysis as a new in vitro assay 
to evaluate DC efficacy in cancer immunotherapy. We hope this technique will contribute to the 
development and improvement of immunotherapies in the near fiiture. 
Keywords: CTLs, cytotoxicity assay, dendritic cells, immunotherapy, targeting therapy 

Introduction 

Dendritic cell (DC) vaccination is considered a promising strategy for cancer treat- 
ment and prevention, and, to date, DC immunotherapy is used clinically for vari- 
ous kinds of cancer, including newly diagnosed or recurrent high-grade glioma,' 
advanced pancreatic carcinoma,^ metastatic colorectal cancer,' cervical cancer 11," 
renal cell carcinoma, and breast cancer.' In combination with cytokine-induced 
killer cells, DCs have also been used successfully for gastric and colorectal cancer' 
and localized and locally advanced renal cell carcinoma.' Recent studies'^'' have 
attempted to improve the efficiency of DC vaccination by enhancing antigen pre- 
sentation by DCs. To evaluate and compare the efficiency and specification of DC 
therapy, a simple, exact, and efficient method is essential. To date, few methods for 
the in vitro evaluation of DC vaccination efficacy have been described. Most studies 
have used a cytotoxic T lymphocyte (CTL) technique for DC evaluation. Currently, 
the chromium (51Cr) release assay is the gold standard for quantifying cytolytic 
activities of CTLs against target cells, and this method is still being used in many 
laboratories worldwide.'* ' 
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However, the 5 ICr assay has some Umitations, especially 
in the use of radioactive materials that are inconvenient to 
handle. Therefore, it is important to develop nonradioac- 
tive methods to replace the 51Cr assay. To evaluate the 
effects of CTLs on target cells, previous studies'* labeled 
the target cells or effector cells with fluorescent dyes. The 
cytotoxicity value was recorded as the dead cell popula- 
tion appearing after incubation with CTLs.'° Other studies 
transduced target cells with a gene encoding green fluores- 
cent protein" or a combination of GFP and luciferase.** 
Another method is based on the expression of caspase 3 in 
target cells after contact with CTLs, wherein CTL-mediated 
cytotoxicity is determined by flow cytometry to evaluate 
the caspase 3 positive population." '" An assay established 
by Nakagawa et al in 201 1 detected the specific activity of 
CTLs by a reduction in sensitive target cell numbers using 
single-color histogram plot analysis and flow cytometry.'^ 
In the first step, adherent cells (target cells) were incubated 
with effector CTLs, then the adherent cells were removed 
by trypsin/ethylenediaminetetraacetic acid (EDTA). The 
number of target cells was determined compared with con- 
trols (fluorescent calibration beads). From these studies, 
the cytotoxicity of CTLs was calculated. Although most of 
these assays have some advantages, such as simplicity, and 
have a sensitivity similar or higher to SlCr,'" '^"'"' they also 
have some limitations, especially when the effect of CTLs on 
target cells is non-continuously recorded and monitored in 
real time. Furthermore, the methods based on flow cytometry 
require sufficient numbers of target cells for evaluation. 

The aim of this study was to develop a new method by 
which to monitor and continuously record the efl^ects of DCs 
via CTLs on target cells (breast cancer stem cells [BCSCs]) in 
real time. This method evaluated the cytotoxicity and prolifera- 
tion of target cells based on changes of cell impedance using 
the xCELLigence system when target cells were treated with 
CTLs induced by antigen-primed DCs. This study used murine 
DCs and CTLs with the BCSC-derived 4T1 cell line. 

Materials and methods 

BCSC isolation and preparation 
of antigens 

BCSCs were isolated from the 4T1 cell line based on alde- 
hyde dehydrogenase (ALDH) expression. Briefly, 4T1 cells 
were stained by the ALDH kit (ALDEFLUORtm kit; STEM- 
CELL Technologies, Vancouver, British Columbia, Canada) 
according to the manufacturer's guidelines (STEMCELL 
Technologies). All cells were analyzed on a FACsJazz™ 
cell sorter (BD Biosciences, San Jose, CA, USA). 



ALDH+ cells were gated based on a control signal. ALDH+ 
cells were sorted and proliferated in serum-free medium 
(MammoCult^M; STEMCELL Technologies) to reduce spon- 
taneous differentiation. The ALDH+ cells were considered 
BCSCs, as described in previously published studies."""" 
These cells were used to produce antigens. 

Antigens were produced using the following protocol. 
Necrosis was induced in 10' BCSCs in 1 mL of phosphate- 
buffered saline (PBS) with a protease inhibitor cocktail 
by rapid freeze-thawing in nitrogen liquid (freezing for 
3 minutes, warming for 3 minutes, repeated five times). The 
cells were centrifuged at 600x g for 5 minutes to collect 
proteins in the supernatant. These supernatant solutions were 
frozen at -80°C until use. 

Isolation of mononuclear cells 
from murine bone marrow 
and induction to DCs 

Mice were euthanized and bone marrow was collected accord- 
ing to the Guidelines of Laboratory Animal Manipulation, 
approved by the Institutional Animal Care and Use Committee 
of Stem Cell Research and Application Laboratory, University 
of Science, Vietnam National University, Ho Chi Minh City, 
Vietnam. The femurs of mice were dislodged and submerged in 
PBS supplemented with Ix antibiotic-mycotic (Sigma- Aldrich 
Co, St Louis, MO, USA). Bone marrow cells were used to 
isolate mononuclear cells by centrifiiging in a FicoU gradient 
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). All 
cells obtained were maintained at 37°C with 5% CO,. 

The differentiation protocol, which used GM-CSF and IL-4 
in the culture medium, was modified from Schreurs et al.^" 
In the present study, we supplemented culture medium with 
IL-4 and observed that DCs cultured in GM-CSF plus IL-4 
were potent stimulators of mixed leukocyte reactions. Culture 
medium used for all experiments was Roswell Park Memo- 
rial Institute (RPMI) 1640 (Sigma- Aldrich Co) supplemented 
with 2 mM/L L-glutamine, 100 |J.g/mL penicillin, 100 |J.g/mL 
streptomycin, and 10% heat-inactivated fetal bovine serum 
(Sigma-Aldrich Co). To produce immature DCs (iDCs), 
adherent cells were cultured for 6 days in medium containing 
recombinant GM-CSF and IL-4 at a concentration of 20 ng/ 
mL each. At days 7-12, the cells were matured in complete 
media supplemented with antigens: lO' iDCs were incubated 
with 1 mL antigens from 10' BCSCs. The control group was 
supplemented with TNF-a at 20 ng/mL. At day 12, mature 
DCs (mDCs) were confirmed by flow cytometry detection of 
CD 14 (for monocytes), CD40, CD80, and CD86 (for DCs). All 
monoclonal antibodies were bought from BD Biosciences. 
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Fluorescein isothiocyanate 
(FITC)-dextran uptake assay 

The phagocytic capacity was analyzed as previously 
described.^' Briefly, iDCs and mDCs were incubated with 
dextran conjugated with FITC (1 mg/mL; Sigma- Aldrich 
Co) in culture medium for 1 hour at 37°C, or at 4°C for 
the negative control. Then, these cells were washed with 
PBS supplemented with 1% BSA before being analyzed 
with a flow cytometer (FACSCaliburTM; BD Biosciences). 
Those cells that were found positive for FITC (detected by 
Fluorescence detector 1) were considered as cells that had 
successfully engulfed dextran. 

T lymphocyte proliferation assay 

T lymphocyte proliferation stimulated by DCs was evaluated 
as previously described.^' There were five experimental groups 
with different ratios of DCs:lymphocytes (0.25:100, 0.5:100, 
1 : 100, 2: 100, and 8: 100) and three control groups with DCs + 
phytohemagglutinin (PHA), PHA alone, or PHA + lymphocytes. 
The T lymphocyte concentration was measured by 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay kit according to the manufacturer's instructions (Sigma- 
Aldrich Co). Optical density values were read at a wavelength of 
490 nm with the reference wavelength of 620 nm. The stimula- 
tion ability of DCs was calculated based on A- values. A- values 
were offset fi-om optical density values measured for control 
samples (lymphocyte + PHA) and experimental groups. 

Measurement of cytokines/chemokines 

Measurement of IL-12 was performed per a previously pub- 
lished study.^' Briefly, mDCs were incubated in the fresh cul- 
ture medium in a 24-well plate for 24 hours. Then, supematants 
were collected and frozen at -80°C until analysis. IL-12 
concentration in the supematants was measured by enzyme- 
linked immunosorbent assay kits (IL-12 [Interleukin-12] High 
Sensitivity Human ELISA Kit; Abeam, Cambridge, UK), and 
the results were analyzed with the DTX880 Multimode Detec- 
tor (Beckman Coulter, Inc., Brea, CA, USA). 

In vitro evaluation of DC-based 
vaccination 

To evaluate the effects of DCs on BCSCs, we developed a 
system using xCELLigence Real Time Cell Analyzer equip- 
ment. xCELLigence Real Time Cell Analyzer was used to 
evaluate cell proliferation and cytotoxicity based on changes 
in electric impedance at the surface of the E-plate, a specific 
plate with electric nodes on the surface allowing measure- 
ment of changes in impedance. This method was only used to 



evaluate cell proliferation and cytotoxicity for adherent cells. 
We observed differences in adherence of BCSCs, DCs, and 
CTLs. BCSCs were strongly attached to the surface of the 
E-plate, while DCs and lymphocytes had a weak attachment. 
Thus, based on the BCSC proliferation on the E-plate with 
or without DCs or CTLs, we could determine the cytotoxic 
effects of this therapy on target cells. 

iDCs were incubated with BCSC-derived antigens for 
24 hours with a ratio of DCs: necrotic BCSCs of 1:2. Then, 
mature primed DCs were collected and incubated with CTLs 
for 24 hours; DC:T-cell ratios were 1 : 10, 1 :20, and 1 :40. The 
mixture of primed DCs and CTLs was incubated for 24 hours. 
Finally, the mixture containing primed DCs and induced 
CTLs was added to the E-plate containing BCSCs that had 
adhered to the E-plate. The E-plates were then placed on the 
xCELLigence instrument to monitor BCSC proliferation. 
The effects of primed DCs and induced CTLs were based on 
the proliferation of BCSCs between different groups. There 
were seven groups in total (G0-G6), comprising experimental 
and control groups (Figure SI and table SI). 

Statistical analysis 

All assays were performed in triplicate. Data are presented as 
the mean + standard error of the mean. Data were processed 
by Prism software (v 6.0; GraphPad Software, Inc., La Jolla, 
CA, USA). A value of P<0.05 was considered statistically 
significant. 

Results 

Induced mononuclear cells express 
a DC phenotype 

In inducing medium with cytokines GM-CSF and IL-4, 
most mononuclear cells changed their morphology. Under 
the microscope, these cells had expanded cytoplasm and 
had formed dendrites. When they were continuously 
induced to mature with inducing medium plus TNF-a or 
BCSC-derived antigens, they clearly exhibited the DC 
morphology with a large heterogeneity of nuclei, many 
mitochondria, and vacuoles (Figure 1). Results of DC marker 
analysis are presented in Figure 2. The results showed that 
mononuclear cells exhibited CDI4-I-CD40-CD80-CD86- 
phenotype before induction. After induction, iDCs are 
characterized as CD86-CD40-CD14-CD80- and mDCs 
as CD40+CD80+CD86+CD14-. 

Phagocytosis 

Phagocytosis is an important function of DCs, especially 
iDCs. Phagocytosis helps iDCs to uptake foreign proteins 
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Figure I Shape of cells during differentiation process to dendritic cells. 

Notes: Mononuclear cells were obtained from murine bone marrow (A) and induced to immature dendritic cells (B) or mature dendritic cells (C). 



and then processes these proteins to present them to other 
immune cells. The results presented in Figure 3 showed 
that 92.28%+9.25% iDCs could engulf FITC-dextran, 
while only 78.54%+8.15% mDCs engulfed FITC-dextran. 
These cells could not engulf FITC-dextran when they were 
incubated at 0°C. 



Induced cells stimulated T lymphocytes 

The stimulation ability of DCs was calculated based on 
A- values. A- values are smaller if the growth capacity of exper- 
imental cells is higher. Per the results presented in Figure 4, 
both DCs matured by TNF-a and BCSC-derived antigens 
stimulated T lymphocyte proliferation in the maimer that 
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Figure 2 DC marker analysis by flow cytometry. 

Notes: Mononuclear cells were weakly CDI4+, and CD40-, CD80-, CD86- (A-D). IDCs expressed low CD86 and low CD80, and were CDI4-CD40- (E-H). mDCs 
were CD40+CD80+CD86+CDI4- (l-L). 

Abbreviations: CD, cluster of differentiation: DC, dendritic cell; IDC, immature dendritic cell; mDC, mature dendritic cell; PE, R-Phycoerythrin. 
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Figure 3 Percentage of induced cells that engulfed FITC-dextran. 

Notes: Immature DCs strongly engulfed FITC-dextran (A), while mature DCs were weaker (B). Green line: DCs incubated at 4°C. Pink line; DCs not incubated with 
FITC-dextran. Violet line; DCs incubated at 37°C. 
Abbreviations: DC, dendritic cell; FITC, fluorescein isothiocyanate. 



depended on the mixing ratio of DCs and T lymphocytes. In 
comparison to the negative control, T-cell proliferation was 
augmented when the DC concentration increased (P<0.05). hi 
fact, as the amounts of DCs increased the A-values decreased. 
At the ratio of 0.25 DCs and 1 00 T lymphocytes, DCs nonsig- 
nificantly stimulated T lymphocytes compared to the negative 
control (0 DCs). The A-value at a mixing ratio of 0.5 DCs 
and 100 T lymphocytes was clearly different with control. 
However, the BCSC-derived antigen-primed DCs stimulated 
T lymphocytes less than the TNF-a-treated DCs did. 

Induced cells produced IL-12 

Typically, when DCs are activated by uptake of antigens, they 
produce IL-12, which signals CD4+ T-cell differentiation 



to a T helper (Th) 1 phenotype that attacks cells containing 
antigens presented by the DCs. The results showed that, after 
being induced to mature by TNF-a or BCSC-derived antigens, 
mDCs produced IL-12 at a high level. IL-12 concentrations in 
the supernatants showed a statistically significant difference 
between mononuclear cells with and without cytokine 
treatment (P<0.5) (0 versus 120.0+26.46, 1,967+251.7, 
2.733+251.7 pg/mL in mononuclear cells, iDCs, mDC- 
TNF-a, and mDC-BCSC, respectively) (Figure 5). 

BCSC proliferation was affected 
by DCs and induced T-cells 

Changes in BCSC proliferating rates in different groups 
(from G1-G6) demonstrated an effect of antigen-primed 
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Figure 4 Stimulation of lymphocyte proliferation by DCs. 

Note: An increase in the DC;lymphocyte ratio increased lymphocyte proliferation when DCs were matured by TNF-a (control) and BCSC-derived antigens. 
Abbreviations: BCSC, breast cancer stem cell; DC, dendritic cell; TNF, tumor necrosis factor. 
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Groups 

Figure 5 IL-12 concentration was increased in DCs. 

Notes; Mononuclear cells: samples (n-3) of mononuclear cells before induction 
with cytokines. iDCs: samples of cells after induction with GM-CSF and IL-4. mDC- 
TNF: iDCs after induction with GM-CSF, IL-4, and TNF-a; mDC-BCSC: iDCs after 
induction with GM-CSF, IL-4, and TNF-a. IL-12 concentration of induced groups 
(mDCs) increased significantly compared with the control group (mononuclear cells). 
* denotes statistically significant difference. 

Abbreviations: BCSC, breast cancer stem cell; DC, dendritic cell; iDC, immature 
dendritic cell; mDC, mature dendritic cell; TNF, tumor necrosis factor; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; IL, Interleukin. 



DCs and induced T-cells on BCSCs. From 0-24 hours, 
proliferation of BCSCs in Gl, G4, G5, and G6 was similar 
(Figure 6). The slope values of BCSC proliferation rates and 
their doubling times were also similar (Figure 7). Mature 
primed DCs and induced T-cells weakly adhered to the 
surface of the E-plate and the cell index value (CI value) 
slightly increased after 24 hours. However, these CI values 
were stable over 24-96 hours. After 12 hours of treatment 
with antigen-primed DCs and induced T-cells at different 
DC:T-cell ratios, in G4, G5, and G6 the BCSC proliferation 



rates gradually decreased, while BCSC proliferation in Gl 
gradually increased (Figure 6). The slope value of the BCSC 
proliferation rate in Gl was nearly double these values in 
G4, G5, and G6, while the doubling time was reduced by 
one-half compared to in G4, G5, and G6. From 48-72 hours, 
BCSCs in G6 completely inhibited so that slope value was 
negative, while BCSCs in G4 and G5 still slightly prolifer- 
ated and significantly different to Gl (Figure 7). From 72-96 
hours, BCSCs in all groups significantly decreased because 
of a lack of nutrients in the medium (Figure 7). The lowest 
slope value was recorded in G6, and was significantly differ- 
ent to those of G4 and G5. The slope values of G4 and G5 
were significantly different with each other (Figure 7). 

Discussion 

DCs are professional antigen-presenting cells. Unlike mac- 
rophages, they present antigens to T-cells, B-cells, and natural 
killer (NK) cells. Therefore, DCs are a powerful tool for 
immunotherapy of cancer However, the clinical efficiency 
of DC vaccination therapy might be improved, especially 
regarding the types of antigens that are used to prime DCs 
and the use of combinations of subtypes of DCs. This study 
established a simple in vitro assay to evaluate the efficiency 
of DC vaccination in real time. To set up this assay, we used 
murine DCs induced from bone marrow mononuclear cells, 
allogenic T-cells derived from murine peripheral blood, and 
4T1 cell line-derived BCSCs. The xCELLigence system was 
used to record the BCSC proliferation in real time. This 
system will record any changes in the electrode impedance 




Time (hours) 

Figure 6 BCSC proliferation in different groups recorded by the xCELLigence system. 

Notes: BCSC proliferation was significantly different {G I , G4-G6). CTLs {G3) and induced DCs (G2) also adhered on the E-plate and made a little increase of cell index 
value compared to blank (GO). Effects of DCs and CTLs on BCSC proliferation were recorded after approximately 12 hours of treatment (G4, G5, and G6 versus Gl). 
However, differences in ratios of DCs and CTLs also caused differences in BCSC proliferation (G4, G5, and G6). 
Abbreviations: BCSC, breast cancer stem cell; CTL, cytotoxic T lymphocyte; DC, dendritic cell. 
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Figure 7 Slope values of BCSC proliferation rates and doubling times of BCSCs. 

Notes: BCSC proliferation was inhibited after 24 hours' incubation with DCs and CTLs, with decreased slope values and increased doubling times. Slope values and doubling 
times were also different in G4, G5, and G6 in which the ratios of DCs to CTLs differed. Groups: G I — BCSCs; G2- mature primed DCs; G3- induced T-cells; G4— BCSCs 
+ mature primed DCs + induced T-cells (DCs:T-cells -1:10); G5- BCSCs + mature primed DCs + induced T-cells {DCs;T-cells -1:20); G6- BCSCs + mature primed 
DCs + induced T-cells (DCs:T-cells = 1 :40). A-D: Slope values (l/h) of BCSCs for 0-24 h, 24-48 h, 48-72 h, and 72-96 h, respectively. E-H: Doubling time (h) of BCSCs for 
0-24 h, 24-48 h, 48-72 h, and 72-96 h, respectively. 

Abbreviations: BCSC, breast cancer stem cell; CTL, cytotoxic T lymphocyte; DC, dendritic cell; h, hour. 



that depends on the number of cells in wells, which means 
that the more cells that are attached on the electrodes, the 
larger the increases in electrode impedance. As such, the 
xCELLigence system allows for robust assessment of cellular 
behavior in real time. More importantly, this technology is 
label-free and real-time, and offers several advantages, such 
as accurate determination of response kinetics, the ability to 
use native receptors, and the opportunity to capture biological 
responses involving multiple second messenger pathways. 

DCs were successfully induced from bone marrow- 
derived mononuclear cells. These cells were demonstrated to 
be fiinctional DCs that could perform activities of antigen- 
presenting cells. This first function of antigen-presenting 
cells was phagocytosis. DCs, especially iDCs, could strongly 
phagocytize FITC-dextran. The results showed that, after 
incubation with dextran, there was a 92.28%+9.25% 
uptake in iDCs. DCs could stimulate the CD4+ T-cells in a 



dose-dependent maimer. In fact, the results showed that, after 
being induced to mature, DCs expressed two co-receptors, 
including CD80 and CD86, to activate memory T- and naive 
T-cells.^^"^'' Besides these direct interactions between DCs and 
T-cells, these DCs also could indirectly interact with T-cells 
over long distances via IL-12. In the present study IL-12 is 
important in naive T-cell activation, and induced differentia- 
tion of naive T-cells into ThO then to Thl or Th2. In vivo, 
IL-12 is produced by DCs, macrophages, and B-cells.^^-^'' 

DCs produced by this procedure were used to evaluate the 
assay. CD8+ T-cells were sorted from murine peripheral blood 
and used as effector CTLs. The results showed that, based on 
impedance changes of adherent target cells in the E-plate, we 
could record the effects of primed DCs and induced T-cells on 
BCSCs in real time. Antigen-primed DCs induced CTLs in vitro. 
These signals helped CTLs attack BCSCs. Because antigen 
presentation efficiency depends on the ratio of DCs to T-cells, we 
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used three ratios of DCs to T-cells ( 1 : 1 0, 1 :20, and 1 :40). Induced 
CTLs clearly inhibited BCSC proliferation, hi wells with primed 
DCs and induced CTLs, BCSC proliferation decreased after 12 
hours, while controls incubated with medium without DCs or 
CTLs showed strong BCSC proliferation. Thus, primed DCs 
and induced CTLs efficiently suppressed proliferation or were 
toxic to BCSCs. To eliminate errors caused by DCs or CTLs 
adhering to the E-plate surface, we also showed that primed 
DCs and induced CTLs had no significant eflfect on imped- 
ance compared with non-cell wells. In a recent study, Guan et 
al" showed that T-cell adhesion rapidly changed during T-cell 
activation. T-cells were activated 30 minutes after contact with 
Jurkat cells, and, after 6 hours, most cells were floating and CI 
values were significantly decreased." Therefore, a mixture of 
DCs and CTLs clearly affected BCSC growth. 

Differences in ratio of DCs and CTLs also caused dif- 
ferences in BCSC proliferation. A ratio of 1:40 of DCs and 
CTLs showed the strongest inhibition of BCSCs, which was 
significantly different to that of ratios of 1 : 10 and 1 :20, indi- 
cating the assay was sensitive for the evaluation of changes 
in impedance caused by the numbers or shapes of BCSCs. 
Because this system continuously records impedance, the 
doubling time of BCSCs could be determined. Doubling 
time values reflect the time required for a cell to undergo 
mitosis and form two cells. Doubling time was extended 
in inhibited cells compared with normal conditions. When 
ratios of 1 :40 of DCs and CTLs were used, the doubling time 
was significantly extended and was longer than when ratios 
of 1 : 10 and 1 :20 were used. The doubling time values at all 
three ratios were significantly longer than for controls. 

Based on impedance values at different times, the system 
software also calculated the slope value for different groups. 
Slope values reflected the rate of increase or rate of decrease 
of proliferation. Slope values of groups in the same time 
frame were significantly different between controls and 
experimental groups with primed DCs and induced CTLs 
and between groups using a ratio of 1 :40 of primed DCs and 
induced CTLs compared with groups of 1 : 1 0 and 1 :20 ratios. 
These results confirmed that effects of primed DCs and 
induced CTLs on BCSC proliferation could be recorded and 
evaluated by this assay. 

Effects of primed DCs and CTLs on target cells have been 
clearly shown in previous studies.'* '- To determine changes 
in target cells, particularly cytotoxicity, distinct methods 
based on the properties of target cells undergoing apoptosis 
have been used to measure products or amounts of target 
cells killed by CTLs.'* '^ ''' When target cells die, they release 
intracellular proteins such as granzyme B, CD 107a, and 



caspase-3. Concentrations of these proteins in supernatants 
depend on the amount of dead target cells. In conventional 
assays, Cr5 1 is used to label target cells. When target cells are 
fragmented by CTLs, Cr5 1 is released into the supernatant 
and concentrations of Cr51 in the supernatant reflect the 
CTL cytotoxic activity.'*' To develop simpler assays, flow 
cytometry-based methods were used. These assays used 
fluorescent dyes and/or were combined with markers for 
apoptotic cells to analyze the percentage of dead or apoptotic 
cells after incubation with CTLs. The greatest limitation 
of these methods was that changes in cellular physiology 
of target cells were only recorded at single time points and 
were reliant on particular protein expression or the release 
of intracellular components. 

Changes in protein components, cell shape, or cell metabo- 
lism in target cells can be measured by changes in impedance. 
Impedance measurements have been used in a number of differ- 
ent studies to determine morphological changes in real time;^' 
cisplatin-induced cell death;^** differentiation of 3T3 cells into 
adipocytes;^' effects of curcumin on physicochemical char- 
acterization and effects on MCF7 cancer cell proliferation;'" 
monitoring of dynamic interactions of tumor cells with tissues 
and immune cells on a lab-on-a-chip;'' cell senescence mea- 
surements of adipose tissue-derived stem cells;'^ and real-time 
evaluation of nanoparticle-induced cytotoxic effects." By this 
method, Moodley et aP"* conducted real-time profiling of NK 
cell killing of human astrocytes. NK cells did not register any 
confidence interval value signal directly because of nonadher- 
ence, and therefore all changes in confidence interval values 
were a direct measure of astrocyte responses.'* 

Conclusion 

In this study, an in vitro assay to evaluate DC therapy 
efficiency was developed. Antigen presentation of DCs to 
CTLs, and cytotoxic effects of CTLs on target cells, can 
be monitored in real time by impedance analysis based 
on E-plates and read by the xCELLigence system. This 
is a simple, efficient, and real-time assay that records 
changes in target cell proliferation, doubling time, and 
proliferating or inhibiting slopes. This assay is so sensitive 
that small differences in ratios of DCs and CTLs, as well 
as antigen source and target cells, can be recorded. Thus, 
impedance-based analysis is a powerful tool for DC- and 
CTL-based immunotherapy. However, this study did not 
compare this assay with traditional methods, such as 
Cr5 1 releasing or flow cytometry. We hope this technique 
will contribute to the development and improvement of 
immunotherapies in the near future. 
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Figure SI Layout of experimental and control groups in E-plate. 

Notes: Groups; GO- blank; Gl - BCSCs; G2- mature primed DCs; G3- induced T-cells; G4- BCSCs + mature primed DCs + induced T-cells {DCs;T-cells - I; 10); G5- 
BCSCs + mature primed DCs + induced T-cells (DCs:T-cells = 1 :20); G6= BCSCs + mature primed DCs + induced T-cells (DCs;T-cells = I ;40). 
Abbreviations: BCSC. breast cancer stem cell; DC, dendritic cell. 

Table SI Experimental and control groups 



Group Description 



GO Blank 

G I BCSCs 

G2 Mature primed DCs 

G3 Induced T-cells 

G4 BCSCs -V mature primed DCs -V induced 

T-cells (DCs:T-cells=l:IO) 

G5 BCSCs -V mature primed DCs -V induced 

T-cells (DCs:T-cells=l:20) 

G6 BCSCs -V mature primed DCs -V induced 

T-cells (DCs:T-cells=l:40) 

Abbreviations: BCSC, breast cancer stem cell; DC, dendritic cell. 
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